2 Abstract 29 Citizen science is on the rise. Aided by the internet, the popularity and scope of citizen science appears almost 30 limitless. For citizens the motivation is to contribute to "real" science, public information and conservation. For  3 1  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 1. Introduction 52 Citizen science, the involvement of citizens from the non-scientific community in academic research, has 53 become increasingly important in conservation science, as resources for monitoring fail to match the scale of 54 the questions at hand. For citizens, the motivation is to contribute to scientific understanding and conservation 55 decisions. For scientists, citizen science provides an opportunity to gather information that would be 56 impossible to collect because of limitations in time and resources (Dickinson et al. 2010 ). The field of 57 ornithology has the longest history of citizen science (Greenwood 2007) , with thousands of amateur and 58 professional ornithologists worldwide. The National Audubon Society's Christmas Bird Count in the United 59
States, started in 1900, is the longest-running citizen science project with over 110 years of data collected so 60 far. Advances in technology have led to new citizen science internet applications that use crowd-sourcing to 61 invite large numbers of the public to monitor biodiversity over broad geographic regions, and allow volunteers 62 to access and interpret the data they collect (Howe 2006 ).This has resulted in datasets that are often very large 63 and readily accessible. To respond to the many and varied needs of biodiversity management, many 64 conservation agencies rely on these volunteer-compiled datasets to inform their management strategies. 65
Citizen science is often the only practical way to achieve the geographic extent required to document 66 ecological patterns and address ecological questions at scales relevant to species range shifts, migration 67 patterns, disease spread, broad-scale population trends, changes in national and state policy, and impacts of 68 environmental processes like climate change. The varied uses of these data mean that quality assurance and 69 control is critical. At least one comparative analysis suggests that citizen science data can provide similar 70 information to professionally collected and designed monitoring programs . A century on 71 since the first citizen science program, it is timely to examine what makes citizen science programs effective at 72 achieving high quality datasets that are useful for answering pure and applied questions (Mackechnie et al. 73 2011) . 74
The largest citizen science programs are broad-scale bird monitoring schemes that can be categorised as one of 75 two protocols: cross-sectional surveying (e.g. Atlases) and longitudinal surveying (e.g. Breeding Bird Surveys). 76
Atlases are collections of species occurrences contributed by volunteers over a set time period, with volunteers 77 generally free to choose where they survey. As of 2012, more than 400 Bird Atlases have been developed. The 78 spatial sampling units of these programs are variable (0.02 -3092km 2 ), and the spatial extent can be anything 79 from local areas (21km 2 ) to entire continents (10,390,000km 2 ). As much as 68% of Atlases are 'repeat' Atlases, 80 covering the same areas as those covered by a previous Atlas (Dunn and Weston 2008) . The number and 81 density of contributors is highly variable over space, and the data collected are often uneven through the year 82 (Dunn and Weston 2008; Gibbons et al. 2007 ). Due to the often unstructured or undirected nature of sampling 83 in Atlases (with volunteers usually allowed to conduct surveys wherever and whenever they want), data quality 84 issues caused by volunteer bias in survey effort (Botts et 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 Bird Surveys are based on a network of sampling locations at which species occurrence and relative abundance 88 are collected at given time steps to document temporal trends (Brotons et al. 2007; Robertson et al. 2010) . 89
These on-going programs are less common than purely cross-sectional schemes, as they generally require more 90 institutional coordination of stratified surveys and provide datasets that are more representative and less 91 biased by volunteer behaviour. Despite limitations, both types of programs have the potential for high 92 volunteer involvement, and can provide numerous direct and indirect benefits to conservation. 93
We review recent applications in the scientific literature of citizen science bird-monitoring programs to explore 94 lessons learned. In doing so, we examine whether we are making the most of the considerable efforts of the 95 volunteers and data coordinators. Past reviews have highlighted various applications of citizen science 96 monitoring programs, often related to learning about ecological systems and their management ( Underhill et al. 1991) . This emphasis has potentially overshadowed the 102 many benefits these datasets have to offer. There has been little discussion about which programs are best for 103 achieving particular objectives or whether additional objectives could be met using these same datasets. We 104 investigate the range of potential objectives of using volunteer monitoring data, and compare the ability of 105 different volunteer-monitoring schemes to achieve them. We examine the level of stakeholder investment in 106 these programs and ask if broad-scale citizen science bird monitoring has been a cost-effective investment, by 107 relating the quality and quantity of inputs to the scientific outcomes. We aim to inform two investment 108 questions: a) What is the minimum amount of investment needed for different citizen science programs, and b) 109
At what point would spending more money on citizen science programs deliver little additional benefit? Finally, 110 we explore how we can make volunteer-monitoring datasets more useful for informing research or 111 management, to optimally use resources spent on supporting these projects. (Table 1) . Not all of these objectives have direct conservation or 117 management-related outcomes, but they can often lead to indirect benefits to nature conservation: 118 1) Management: monitoring the state of a system to inform management actions (state-dependent 119 management), or to learn how the ecological system works and responds to management as part of the 120 adaptive management cycle (passive or active adaptive management). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 bird species at a broad-scale and without direct requirements for the volunteers to return to certain areas over 153 a period of time (94 papers). To compare these applications with those for an alternative longitudinal citizen 154 science protocol, we looked at the use and influence of Breeding Bird Surveys (BBS) from 2005 to 2010 by 155 searching for the words "breeding" and "bird*" and "survey*" in Web of Science, and again refining the list to 156 those papers that used BBS data to answer a research question (136 papers). A BBS was defined as a 157 standardised longitudinal scheme requiring repeat visits by volunteers to a specified site to survey all bird 158 species. To explore the various applications of bird monitoring programs, we assigned each paper to one (or 159 more) objectives (examples in Table 1 ). 160
One way to assess the scientific benefits of a monitoring program is through the influence of applications that 161 utilise the monitoring data in the scientific literature. We investigated how influential each application of Atlas 162 and BBS data was using its citation rate (average citations per year). We first calculated the average overall 163 citation rate for all Atlas papers compared with all BBS papers. We used Analysis of Variance (ANOVA) to 164 determine if the citation rates for each of the ascribed objectives were significantly different between each 165 volunteer dataset type. 166
We developed a database of all the Atlases and BBS datasets cited in these papers, which we used to calculate 167 the average number of studies per dataset, a second indication of how influential the dataset has been on 168 research in recent years. To explore the factors influencing the frequency of Atlas use in the scientific 169 literature, we reviewed in detail each Atlas paper and its associated Atlas, and developed a database of general 170 characteristics related to the spatial and temporal extent of the Atlas, its sampling design and dataset 171 completeness, and methods used to analyse the Atlas data (Appendix A). We developed hypotheses describing 172 potential factors influencing the number of papers using a particular Atlas (Table A .1), and used generalised 173 linear modelling to fit 20 models. Hypotheses were compared in an information-theoretic framework using 174 AICc model selection (Burnham and Anderson 2002) to find the most influential factors. We collected similar 175 data for BBS programs, but modelling was not repeated as the sample size was too small (n = 11). 176
To calculate the return on investment of a monitoring scheme, we need information not only on the benefits 177 but also on the costs involved in data collection and coordination. We estimated volunteer investment in 178 monetary terms into collecting data for all the BBS schemes and the top 20 cited Atlases in our review using a 179 replacement cost method (e.g. Levrel et al. 2010 ).The valuation is based on what an organisation would have 180 paid employees to do the work that they benefitted from at no cost as a result of volunteer activity. The total 181 number of survey records, number of volunteer hours, and/or number of routes (for BBS) were determined 182 from searching the websites of the coordinating institutions, scanning publications from the monitoring 183 programs or their applications, or contacting data custodians directly. We were unable to obtain data for 6 of 184 the top 20 Atlases, resulting in 14 estimates. The total investment in the monitoring program was calculated 185 using a simple equation that multiplied the number of hours volunteers spent collecting data by an average 186 single field survey cost of US$50/hr. We realise this is probably an under-estimate of the total investment as we 7 did not take into account additional factors such as travelling time (some volunteers travel many hundreds of 188 kilometres to see certain birds; Tulloch and Szabo 2012), but we wanted a simple metric that could be 189 calculated with minimal data requirements, and compared across schemes where data on travelling times by 190 volunteers are not always available. We also gathered information on the number of paid staff members or 191 coordinators allocated to each monitoring program. We found that there was usually the equivalent of one full-192 time staff member on Atlases, and an average of two full-time staff members on BBS datasets. We therefore 193 estimated the total cost of coordinating data compilation by multiplying the number of years the program ran 194 by the annual cost of one full-time staff (US$100,000) for Atlases, and two full-time staff (US$200,000) for BBS 195 programs. The annual monetary investment in each monitoring program was estimated by adding the total 196 volunteer investment to the coordination investment, then dividing this value by the number of years the 197 program ran. We then defined the program 'benefits' -here the number of papers published between 2005 198 and 2010, found using a keyword search (as described above) in both Web of Science and Google Scholar, 199 which mention the use of Bird Atlases or Breeding Bird Surveys to achieve a given objective. Finally, we 200 calculated a cost-effectiveness metric that divided the benefits by the annual investment in data collection and 201 coordination. 202 203 4. Citizen science programs with different protocols are used differently 204 Our review showed that bird monitoring data from Atlas and BBS programs are used in different ways (Table 2) . 205
Knowledge-gain was the most common objective for both types of citizen science program between 2005 and 206 2010, and the fraction of total applications was higher for Atlas studies than for BBS (90% vs. 65%). The 207 majority of knowledge-gain objectives were spatial analyses that focused on understanding and modelling 208 species-environment relationships and distributions (e.g. Araujo were a rare outcome for Atlas applications (Table 2) .Gaining knowledge about management usually requires 212 ancillary information about that management, e.g. grazing or fire or logging. This is rarely a part of citizen 213 science. The data requirements to understand the consequences of management compared with knowledge 214 objectives like species distribution models or biogeography can be large, with space and time components 215 needed to demonstrate change. Most Atlases do not include temporal replication requirements, compared 216 with BBS programs where this is implicit in the monitoring protocol. In addition, abundance data (such as that 217 generally collected by BBS volunteers) are more useful for monitoring change in management regimes than 218 species lists of occurrence that are the usual format of most Atlases. The rare application of Atlases to 219 evaluating management outcomes could also be due to scale issues (e.g. the scale of data aggregation is too 220 large to link with on-ground management or land use data), or a lack of data on whether birds were breeding, 221 making it difficult to make inferences about habitat quality or population processes. In some management 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 cases, neither types of citizen science dataset will be useful. For example if the aim of monitoring is to trigger 223 action or stop an activity (e.g. harvesting of species), citizen science data might not be collected regularly 224 enough (or along with the appropriate ancillary information, e.g. number harvested) to be responsive, and the 225 answers to these questions might require professional monitoring (or monitoring by the people that are 226 harvesting the resource; Månsson et al. 2011) . 227
About a third of Atlas and BBS papers focused on improving monitoring and analysis methods (Table 2) , which 228 is important for quality control and optimising survey design (Field et al. 2005 ).These studies were often linked 229 with knowledge gain. Both Atlas and BBS monitoring protocols are useful for answering these questions 230 because both have the ability to collect enough short-term data on observer effort, to allow the efficiency of 231 different sampling regimes or survey protocols to be compared between seasons, methods or areas (e.g. 232 Munson et al. 2010 ). The high volume and broad scale of data and variability within these datasets is also 233 useful for improving the performance of spatial analysis methods such as species distribution modelling (e.g. (Table  244 2), but BBS applications with this objective had significantly higher citation rates than Atlas applications (F = 245 7.57, d.f. = 1,66, p = 0.01; Fig. 1 ), most likely due to the stratified long-term and fine-scale nature of BBS 246 schemes. Data for this objective must also be linked to land use and/or climatic changes at local or regional- Although no studies in our review explicitly presented serendipity as an objective, it is something that occurs 256 only when there is sufficient data to detect an unexpected occurrence or disturbance event that might 257 otherwise have been missed (Lindenmayer and Likens 2010a, b). There are several instances in which 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 surveillance monitoring similar to that in citizen science datasets has led to the corroboration of change, in 259 particular for diseases or declines, e.g. the discovery of Devil Facial Tumour Disease in Tasmanian Devils 260 (Sarcophilus harrisii) through a state-wide roadside spotlight survey dataset in Tasmania, Australia (Hawkins et 261 al. 2006 ). Events like the uncovering of a never-before seen behaviour are probably more likely to be reported 262 in local ornithological journals (e.g. Martin et al. 2003) , newsletters or other informal communications rather 263 than international publications. 264
Only Atlases were applied to social research or recreation objectives, and only a few Atlas and BBS applications 265 focused on education (Table 2) . 'Human-focused' objectives have low data requirements, as they concentrate 266 on the citizen scientists rather than species that might require rigorous sampling protocols to cover space and 267 time needs, but they have the potential for high impact (Fig. 1) . Social research suits the data collection 268 protocols of Atlases rather than BBS programs, with the undirected nature of sampling in many Atlases 269 providing information about observer behaviour that can be mined and analysed (Tulloch et 
Features of useful volunteer monitoring datasets 278
Citizen science projects must cope with trade-offs between data quality and quantity, standardisation of 279 sampling methods, quantification of sampling effort, and mismatches in skills and expectations between data 280 collectors and data users (Robertson et al. 2010 ). The results of our GLMs showed that the more spatial 281 coverage an Atlas has (in both resolution and extent), the more it is used for research (Table A. 3). Atlases with 282 increased spatial resolution (i.e. smaller size of minimum and major spatial units) were also used more than 283 those that collected data at a coarse scale (Table A. limited the usefulness of many previous Atlases was to achieve 'completeness', i.e. to fill in all the gaps. This is 288 not necessarily useful, and in fact could direct valuable volunteer attention away from where it is most needed. 289
We showed that Atlas 'completeness' had no statistically significant impact on how often the Atlas was used 290 (Table A.3). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 Many authors have discussed the relative merits of increased temporal resolution of data collection 292 (Lindenmayer and Likens 2010a; Robertson et al. 2010 ). The length of Atlases ranged from 1 to 34 years (mean 293 (SE) = 5.68 (0.85)), compared with a range of 9 to 111 years (mean (SE) = 26.18 (8.99)) for BBS datasets. We 294 found no impact of increased temporal resolution of Atlas data on the number of times an Atlas was used for a 295 scientific publication (Table A. 3). However, Atlases that included spatially and temporally structured aspects 296 similar to BBS protocols (increasing temporal resolution through either length of or replication within Atlas), 297 were used more than those that did not (Tables A.3 Low citation rates might indicate a lack of confidence or a lack of scientific interest in a publication. A lack of 312 confidence in the scientific community in the results of a publication could be attributed to weak inferences 313 due to a failure to model the sampling processes that give rise to the data, hence ignoring such issues as 314 detection probabilities that are less than one and variable across space or time, or misclassification due to 315 incorrect species identification. One problem unique to Atlas datasets and their analysis is fuzzy temporal 316 resolution. Atlas data may represent multiple years of surveys, but are typically treated as snapshots in time. 317
Analyses that deal with these issues are likely to be more robust than those that ignore them. 318 319 6. Investment in citizen science monitoring programs 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 of Australian Birds was the Atlas that inspired the most publications (15), whereas the Atlas with the highest 327 investment was the EBCC Atlas of European Breeding Birds (Appendix E). The North American Breeding Bird 328 Survey was used in the most papers (94), and the Christmas Bird Count had the most investment (Appendix F). 329
The total number of hours volunteers spent collecting data for Atlases (mean (SE) =186,500 (70,300)) was 330 similar to the overall hours contributed to BBS programs (mean (SE) = 147,900 (86,600); F = 0.12, d.f. = 1,23, p = 331 0.73). The total investment by volunteers and coordinators in collecting the data for each Atlas dataset (mean 332 (SE) = US$10,133,500 (3,564,600)) was also similar on average to that of BBS programs (mean (SE) = 333 US$10,014,200 (5,165,400); F = 0.14, d.f. = 1, 23, p= 0.73). However, there was a significant difference in the 334 number of hours invested by volunteers annually in each type of citizen science (F= 23.83, d.f. = 1,23, P < 335 0.001), with significantly lower annual investments in BBS programs (mean (SE) = US$431,100 (65,600)) 336 compared with Atlases (mean (SE) = US$1,097,300 (279,800)). This translated to significantly lower volunteer 337 investments per publication output for BBS relative to Atlas programs (F= 5.60, d.f.= 1,230, p = 0.03; Fig. 2) . 338
Taken together this means that the cost per paper in terms of volunteer effort is much cheaper for BBS than 339
Atlas programs. 340
There was no strong evidence to suggest that increasing total and annual investment in Atlases increases 341 scientific publications (Fig. 3) , meaning that more hours spent by volunteers providing surveys do not result in 342 significantly more publications. The cost-effectiveness of Atlases for informing science (measured by scientific 343 publications/annual investment) was highest for small investments (<US$500,000 annual investment by 344 volunteers and coordinators; Appendix E). In contrast with Atlases, the benefit of BBS schemes increased 345 rapidly with investment ( Fig. 3 We determined the benefit threshold of a citizen science program strategy (here Atlases or BBS schemes), 351 which is the area on the return on investment curve where there are few gains in benefits with increased 352 investment (i.e. diminishing returns). The benefit threshold was considerably higher for BBS schemes compared 353 with Atlases even when the outlier of the North American BBS was removed (Fig. 3) . As expected, with 354 increasing investment in coordination there was an increase in the benefits accrued from Atlases (this was a 355 linear relationship; Fig. 4) , meaning that the longer an Atlas runs, the more papers there are likely to be 356 published from the data collected. Clearly, benefits will not increase forever, but up to around US$2 million, 357 there is no sign of a reduced rate of return. There was no evidence that the number of applications produced 358 from BBS schemes was higher for higher levels of coordination (i.e. more years running; Fig. 4 ), indicating that 359 it is the combined efforts of the coordinators and the volunteers that lead to the beneficial outcomes of BBS 360 investment (Fig. 3) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 Despite the higher investment by volunteers in many Atlases compared with BBS programs, Atlases in general 362 had a lower impact on the scientific literature (in particular for investments of below US$1.5 million; Fig. 5 ). 363
Our evidence suggests that levels of investment over approximately US$2 million in BBS schemes result in little 364 increase in benefit in either number of papers (Fig. 3) or citation rates (Fig. 5) .In contrast, very high investments 365
in Atlas programs (i.e. >US$2 million) eventually resulted in higher citation rates (Fig. 5 ). This is probably 366 because use of Atlas data where there is low investment is usually restricted to simple methodological or 367 educational applications with low data requirements, with the more highly cited applications using larger more 368 extensive datasets that allow the focus to switch to objectives with higher impact. The average citation rate of 369 BBS programs remained relatively high regardless of the amount of effort invested (Fig. 5) . BBS data are richer 370 (e.g. providing abundances and covariates), so they can be used to investigate more complex methodological 371 questions. 372 373 7. A cost-effectiveness approach to guide planning of volunteer monitoring 374 Citizen science datasets are extremely valuable if judged by the size of the investment in them (Appendices E 375 and F). However, these data come with a cost that includes coordination, communication with volunteers, and 376 data checking and compilation. If datasets are on-going, these costs can quickly mount into the millions. The 377 way in which a volunteer monitoring program is planned and undertaken is therefore a trade-off between 378 spending resources to achieve different objectives that have different data requirements (Chadès et al. 2011; 379 McDonald-Madden et al. 2010). 380
Organisations wishing to set up a volunteer monitoring scheme should first determine what the relative costs 381 (e.g. long-term coordination and other elements) and benefits (e.g. potential usefulness of the dataset for 382 achieving different research objectives) of such a scheme would be. These can be weighed against each other 383 to determine if the benefits (e.g. publications advancing our scientific knowledge, increased public education 384 and happiness) outweigh the costs. Our estimated average 'investment' in producing a scientific publication 385 using a BBS dataset ranged from as low as US$12,000 (Puerto Rican Breeding Bird Survey) to US$840,000 386 (Catalan Common Bird Survey). The mean of US$253,866 per BBS was considerably lower than the average of 387 over US$2 million of volunteer effort per Atlas publication, although BBS programs were more expensive to 388 coordinate (Appendices E and F). It should be noted that our approach to calculate the benefits of a citizen 389 science scheme is just one of many. Other approaches might include exploring the impact of a scheme on the 390 'grey' literature (e.g. government reports and conservation agency planning documents), or to search more 391 widely for non-scientific publications (e.g. using a different search engine such as Google Scholar; see Appendix 392 G for an example), rather than investigating only the scientific impact of data. Our review was not 393 comprehensive -it was biased towards publications that explicitly name their dataset either in their keywords 394 or abstract (for papers found using Web of Science search criteria), or in the main body of their text (for papers 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 retrieved using Google Scholar). Because of this, a number of papers published in high-rank journals were not 396 reviewed, as the citizen science datasets these papers use are not reported in the main text of the publication, 397 but rather in the Supplementary Material. Climate Change have mean citation rates of 34/year. Such papers, when known, reveal that it is hard to ever 404 comprehensively grasp a fully comprehensive realisation of the contribution of citizen science. Our study has 405 shown how diverse these benefits might be from a sample of the scientific literature. Further, the definition of 406 benefits will ultimately relate to the kinds of objectives that the data are intended to inform. 407
Increasing our investment in a volunteer-monitoring program does not necessarily lead to higher quality data 408 and more publications. Businesses typically conduct a scoping analysis to investigate the level of potential 409 funding available for a particular investment. Citizen science programs can do the same. If an initial scoping 410 analysis for investment suggests low investment by volunteers (or funding bodies), then a cross-sectional 411 scheme with low institutional input (i.e. little structure or direction of volunteers) provides more 'bang for your 412 buck' in terms of scientific outputs (Fig. 3) . However, the data collection protocols of unstructured cross-413 sectional schemes (such as many Bird Atlases) mean that they are not always able to answer the more 414 sophisticated or management-oriented high-impact questions that more structured schemes are able to 415 answer ( Fig. 2 and 4 ). If we believe there will be a large and sustained volunteer effort, the repeated sampling 416 protocol of a longitudinal scheme such as a BBS is more cost-effective in terms of scientific output (Fig. 3) . 417 418 8. Future of citizen science datasets 419 With limited resources for monitoring, there is a growing need to devise programs that are both cost-effective 420 and capable of fulfilling multiple objectives. We have shown that volunteer-collected data from different 421 volunteer-monitoring protocols are useful for multiple objectives. However, the spatial extent and resolution of 422 data, as well as the structure of the program (e.g. coordination of volunteers, replicated sampling), limits the 423 questions that can be addressed. Although large data collections are amassed through different monitoring 424 protocols, the higher impact of applications using longitudinal data such as BBS in the scientific world suggests 425 that cross-sectional data such as Atlases are less useful for answering pressing topics, perhaps because of 426 methodological or analysis issues (e.g. volunteer bias, coarse-scale sampling). However, this will most likely 427 depend on whether the objective has a space-and time-aspect, and the level of structure in the Atlas sampling 428 design. Undirected monitoring (i.e. without a clear objective or sampling design) can use up considerable 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 resources and time yet achieve very little, resulting in inadequate datasets that fail to inform decisions (McNie 430 2007; Sarewitz and Pielkejr 2007), and might be used for the wrong purposes if they create the illusion that 431 sufficient monitoring has been carried out (Legg and Nagy 2006) . We therefore make the following 432 recommendations to ensure citizen science datasets are used to their full potential: 3. Under-explored applications with lower data requirements but high impact (e.g. social research) are 448 encouraged in the scientific community, particularly for Atlases with a less structured design, which are 449 ideal for answering these questions due to the untargeted nature of sampling. Rather than struggling 450 with how to account for data issues and waiting for datasets to be 'completed' before use, researchers 451 could now use data limitations such as sampling bias to focus studies on the people collecting the data. 452
These social research studies could range from explorations of human behaviour, to the science of 453 'conservation psychology', to investigating the reasons and motivations behind volunteering and public 454 involvement in conservation. Atlases therefore have the potential to fulfil important political, social and 455 scientific needs that cannot be answered by BBS datasets. 456
Coordination and communication between researchers and the organisations carrying out volunteer 457
monitoring is enhanced, by setting up and paying attention to scientific advisory boards. Scientists and 458 those planning or coordinating citizen science programs need to talk more about the objectives, 459 benefits and costs of the program to ensure that the data are useable for the research questions of 460 today and the future. Program developers and coordinators should be clear about the primary uses of 461 the resulting data, rather than providing often vague lists of benefits (e.g., conservation) without 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 guidance as to how data might be used for specific purposes and issues. Program coordinators can 463 identify one or more primary uses of the monitoring dataset, identify the characteristics of a 464 monitoring program that would answer their questions (e.g., cross-sectional vs. longitudinal data), then 465 ensure that the monitoring program can meet these needs. Data should be made freely available to 466 scientists by the custodians of citizen science programs to maximise the use of these data to inform 467 scientific research. In return, it is important for scientists and data-users to clarify the objectives to 468 which data are to be put when obtaining data from custodians, and to clearly acknowledge datasets 469 that have contributed to learning or management decisions in publications. If the authors of 470 applications of volunteer-monitoring data do not acknowledge the considerable efforts of citizen 471 science programs to collect data useful for scientific research, it is difficult to understand and 472 communicate the true benefits of these data to the public and policy-makers. 473
We are just beginning to see the multiple benefits of using data from citizen science programs to monitor Citizen science is not perfect, but no data are ). This should not preclude use of this vital 476 resource. We reiterate calls for the need to learn from examples where volunteers are used effectively 477 (Mackechnie et al. 2011) , and the need for quality assurance and quality control (without this, quantity of data 478 increases but perhaps only a proportion of it is useable, and this proportion is usually unknown). In particular, 479 future research should learn from the strengths of these datasets as opposed to focusing on their shortfalls. 480
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